Impact of Artificial Reservoir Water Impoundment on Global Sea Level
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By reconstructing the history of water impoundment in the world's artificial reservoirs, we show that a total of~10,800 cubic kilometers of water has been impounded on land to date, reducing the magnitude of global sea level (GSL) rise by -30.0 millimeters, at an average rate of -0.55 millimeters per year during the past half century. This demands a considerably larger contribution to GSL rise from other (natural and anthropogenic) causes than otherwise required. The reconstructed GSL history, accounting for the impact of reservoirs by adding back the impounded water volume, shows an essentially constant rate of rise at +2.46 millimeters per year over at least the past 80 years. This value is contrary to the conventional view of apparently variable GSL rise, which is based on face values of observation.
T he various causes of the observed global sea level (GSL) rise have been under study, and debate, for years. The Intergovernmental Panel on Climate Change (1) concluded in 2007 that "the budget (of GSL rise) has not yet been closed satisfactorily," primarily because the anthropogenic contribution from land water alterations is too poorly known. Among them, the negative contribution due to water impoundment in artificial reservoirs behind dams has long been recognized to be a major term (1-7), although one poorly quantified in the absence of compiled information. Such incomplete data have led to a wide range of estimates of the total water impoundment: from~15,000 km 3 (extrapolated to year 2000) (2) to~10,000 km 3 (3) [which includes the volume of only the "top 100" (named) reservoirs,~4000 km 3 (4) ] to 5000 to 6000 km 3 (5-7) and even less (8) . To reconstruct the water impoundment history and study its impact on GSL rise, we assembled a comprehensive tally of the world's reservoirs constructed since~1900. Our main source of data was the International Commission on Large Dams (ICOLD) World Register of Dams (9), augmented and corrected for apparently erroneous or inconsistent entries by consulting with various ancillary data sources (10) (11) (12) (13) (14) (15) (16) to yield a list of 29,484 named reservoirs with nominal capacity and year of completion (17) .
Let V(t) be the (cumulative) total volume of water impoundment in the world's reservoirs at any given calendar year t, and let V i be the capacity of a given individual reservoir modeled as an addition to V in year t i of its completion, causing an instantaneous GSL drop (recognizing the ocean as the ultimate source of the water). That is, V(t) = S i V i H(t -t i ) and the corresponding GSL drop d(t) = -V(t)/A (a negative value), where H is the Heaviside function and A = 3.61 × 10 8 km 2 is the total ocean area. This "nominal" time history for V(t) is shown in Fig. 1 (dashed blue curve); the total nominal V to date is 8300 km 3 , corresponding to d = -23 mm. The inset shows the number of reservoirs completed per year, which has soared since~1950 but distinctly decreased in the past three decades, especially in North America and Europe, because of environmental concerns. The slowdown during the Second World War is also noted (see below). In addition, the continental breakdown in Fig. 1 reflects the contrasting and changing societal behavior and economic activity of populations on different continents.
Next, the following potentially important modifications to the nominal history above should be considered.
First, although our tally of reservoirs is essentially complete for the major and relatively large ones, the tally inevitably becomes less complete with decreasing reservoir size as those reservoirs become more numerous. We assess the untallied amount of water as follows. We plot in Fig. 2 the histogram of the number of tallied reservoirs n (in logarithm) versus a convenient reservoir "magnitude" M = log(C), where C is the reservoir capacity in cubic meters. The drop-off of the tally of n is found to occur around M~6.5 (corresponding to a moderate reservoir of, say, 1 km long, 150 m
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*To whom correspondence should be addressed. E-mail: bfchao@ncu.edu.tw wide, and 20 m deep). Over the main body of the histogram for M > 6.5 (numbering 16,600 reservoirs), up to M = 10.5 with bin width of 0.1, the (log-log) relation conforms to a straight line corresponding to an empirical power law: n(C) = 10 6.69 × C -0.52 (18) . Extrapolating to zero capacity, this relation yields the integrated water amount for all reservoirs smaller than M = 6.5, which amounts to only 0.73%, to be augmented to the total (19, 20) . This reassures us that our tally's incompleteness in small reservoirs is inconsequential with respect to total water volume.
Second
ffi ffi t p , so that the total water seepage grows slowly as ffi ffi t p . We then integrate this seepage into the total volume accordingly.
Third, reservoirs are not always filled to 100% of V i . Depending on the usage and the regional climatology and hydrology, actual reservoir storage can fluctuate considerably, especially seasonally and often interannually. Here, following (6), we adopt a long-term average percentage of 85% and thus an overall scale factor of 0.85. Incidentally, to first order, the inevitable silting of reservoirs need not be of concern here [contrary to (5-7)] because, just like water, the silt represents that much volume withheld on land that would otherwise flow to the ocean, raising GSL. Whether the volume withheld by the dam is water or silt has the same impact on GSL.
Combining the above, a modified water impoundment curve for V(t) and d(t) (solid red curve in Fig. 1 ) emerges from the nominal curve. The total actual water impoundment to date is V = 10,800 km 3 , corresponding to d = -30.0 mm (22) . Figure 3 shows the annual GSL drop [essentially the time derivative of V(t)]; in peak years,~1960 to 1990, it reached as high as -0.4 to -0.9 mm/year. The average GSL drop rate during the past half century is about -0.55 mm/year.
Sea level varies on all temporal and spatial scales for a host of reasons. Tide gauge data indicate that GSL has risen at +1.7 to 1.8 mm/year during the 20th century [(1) and references therein], whereas satellite altimetry during 1993-2007 shows an accelerated rate of +3.36 ± 0.4 mm/year (23), although it is uncertain whether this is a long-term trend or decadal variability (1). One-quarter to one-half of the rise in the past half century is believed to have come from the thermal expansion of the top layers of global oceans (the steric effect). The rest, barring a relatively small but uncertain portion from the mantle glacial isostatic adjustment, is attributed to water mass addition occurring in two forms: (i) melting of mountain glaciers (estimated contribution to GSL rise: +0.50 ± 0.18 mm/year during 1961-2003 and +0.77 ± 0.22 mm/year during 1993-2003) plus that of the ice sheets on Antarctica (+0.14 ± 0.41 mm/year and +0.21 ± 0.35 mm/year, respectively) and Greenland (+0.05 ± 0.12 mm/year and +0.21 ± 0.07 mm/year, respectively), and (ii) climate-driven variations in soil water, inland seas, and large lakes (+0.12 mm/year during the past two decades, although with large interannual and decadal fluctuations), plus various anthropogenic contributions including the impoundment under study here.
Thus, our estimate of a difference of -0.55 mm/year due to artificial reservoirs represents a considerable (negative) impact to the GSL rise budget for the past several decades, which has more than compensated for nearly all of the individual natural or anthropogenic (positive) contributions described above (24) . This creates an even larger gap in the GSL rise budget, demanding a larger contribution from the natural (and perhaps anthropogenic) causes than otherwise required.
Equally important, our study has intriguing implications for the history of GSL rise, a key indicator of global climatic change. In Fig. 4 we plot the observed GSL history (1, 25) as the blue line, with a splice-on segment for the most recent decade derived from the altimetry result (23) (the purple segment) after adjusting a vertical offset to match the former. That curve implies that the observed GSL rise during the past century has been variable in a piecewise manner: A slower section before~1930 is followed by a faster section until~1960, with a slower section again extending until~1990 before becoming faster again. We suggest that this seeming variability in rate is "artificial." If we add back the actual V(t) in Fig. 1 to reconstruct (1, 25) ; zero level is arbitrary], with a purple segment from altimetry data (23) spliced on for the past few years after adjusting a vertical offset. The red line is the GSL corrected for the impact of artificial reservoirs, reconstructed by adding back the reservoir impoundment contribution (in Fig. 1 a GSL curve, giving the GSL variation that would have been free from the impact of artificial reservoirs, it becomes evident that, in contrast to the observations, the post-1930 GSL rose essentially at a constant rate all the way to the recent years (barring any interspersed interannual fluctuations such as El Niño-Southern Oscillation events or volcanic activities) at a rate of +2.46 mm/year, versus an average of +1.7 to 1.8 mm/year during the 20th century with recent acceleration. Whether this means that the global changes causing the GSL rise have been in operation in a rather steady fashion, or instead fortuitously compensated one another over at least the past 80 years, remains to be examined.
Our findings differ from the conventional wisdom, which holds an apparent variable GSL rise according to the face values of observation as stated above. This, of course, by no means precludes the most recent or possible future acceleration of GSL rise (23) due to natural causes, compounded by the further slowdown of reservoir-building in the near future (26) . tried; the results vary little.
19. The rapid convergence of the extrapolated integration, consistent with (20), down to small reservoir size is assured as follows. For a self-similar fractal "map" distribution of self-similar reservoirs with respect to the linear dimension L, the reservoir number decreases as L −2 while the corresponding volume increases as L 3 . Hence, the water impoundment for a given size increases as L, dominated by large reservoirs. The actual reservoir number increases with smaller size even more slowly than the above, only at L −1.56 (-1.56 = -0.52 × 3). The situation is analogous to the (Richter-Gutenberg) frequency-moment relationship for seismicity, where the "b value" (or the negative of the power-law slope) is ⅔, hence the total seismic energy release is dominated by large earthquakes even though the smaller earthquakes are much more numerous.
